Aims/hypothesis Accumulating evidence suggests that diabetes increases the risk of dementia, but few studies have addressed possible mechanisms underlying this relationship. The aim of our study was to investigate the longitudinal association of glucose metabolism, insulin secretion and insulin action with the development of Alzheimer's disease and vascular dementia. Methods The Uppsala Longitudinal Study of Adult Men is an ongoing observational study in Sweden in which 1,125 men aged 71 years and free from dementia underwent an OGTT and a euglycaemic insulin clamp between 1990 and 1995. During a median follow-up of 12 years, 257 persons developed dementia or cognitive impairment, of whom 81 had Alzheimer's disease and 26 vascular dementia. Associations were analysed with the Cox proportional hazards method. Results Low early insulin response to oral glucose challenge, but not low insulin sensitivity, was associated with a higher risk of Alzheimer's disease (HR for 1 SD decrease 1.32; 95% CI 1.02, 1.69) after adjustment for diabetes, blood pressure, body mass index, cholesterol, smoking and educational level. Low insulin sensitivity was associated with a higher risk of vascular dementia (HR for 1 SD decrease 1.55; 95% CI 1.02, 2.35), but not after multiple adjustments. Diabetes increased the risk of any dementia and cognitive impairment by 63%. Conclusions/interpretation In this community-based study, low early insulin response was associated with increased risk of subsequent Alzheimer's disease, whereas low insulin sensitivity was not. Vascular dementia was not related to early insulin response. We suggest that glucometabolic disturbances are linked differentially to the pathogenesis of these two main dementia subtypes.
Introduction
Alzheimer's disease is the most common neurodegenerative dementia disorder, affecting a large proportion of populations worldwide, and it is increasing in prevalence [1] . Epidemiological studies and clinical observations have disclosed an association between diabetes mellitus and increased risk of cognitive impairment and dementia [2] . From some longitudinal studies, an association between insulin abnormalities and dementia has also been reported [3, 4] . However, the pathophysiological links underlying these associations are largely unknown and may involve different patterns of cerebral lesions [5] . Hyperglycaemia is accompanied by accumulation of advanced glycation end-products, oxidative stress and microvascular changes, which might lead to cerebral ischaemia. Insulin resistance and chronic peripheral hyperinsulinaemia may also lead to reduced insulin action in the brain [6] . In experimental studies, defective insulin signalling has been linked to cerebral accumulation of β-amyloid, a key neuropathological feature in Alzheimer's disease [7] .
Impaired insulin secretion and insulin resistance are the main determinants of the development of type 2 diabetes mellitus [8] . A low acute insulin response in an intravenous glucose tolerance test in midlife was associated with an increased risk of Alzheimer's disease during a 32-year follow-up [9] . Furthermore, decreased peripheral insulin levels were associated with Alzheimer's disease-related brain atrophy in a cross-sectional study [10] , and such patients have also been found to have reduced insulin concentrations in the brain and the cerebrospinal fluid [11] . On the other hand, it has been suggested that features of the insulin resistance syndrome may imply an increase in the risk of vascular dementia, but the association with Alzheimer's disease is still controversial [12, 13] . The relationship between insulin resistance as measured with the euglycaemic insulin clamp and incident dementia has not been assessed previously.
An OGTT, including measurement of the early insulin response, and a euglycaemic insulin clamp were performed in a population-based cohort of 1,125 men at age 71 years in Uppsala, Sweden. The aim was to clarify whether disturbances in glucose tolerance and insulin secretion and sensitivity would lead to increased risk of Alzheimer's disease and vascular dementia later in life.
Methods
Study sample A health survey entitled the Uppsala Longitudinal Study of Adult Men (ULSAM) was initiated in 1970. All men born in 1920-1924 living in the county of Uppsala were invited to participate and 2,322 (82%) agreed.
The baseline of the present study was the third examination cycle of the cohort (1991) (1992) (1993) (1994) (1995) . Of the 1,681 available 71-year-old men invited to take part in the investigation, 1,221 (73%) attended. Excluded from the present study were men with dementia at baseline (n=5) and those who did not perform the OGTT and the euglycaemic-hyperinsulinaemic clamp (n= 91), leaving 1,125 participants for this analysis. All participants gave informed consent and the Ethics Committee of the Faculty of Medicine at Uppsala University approved the study.
Baseline examinations at age 71 years An OGTT was performed by measuring the plasma concentrations of glucose, fasting insulin and insulin 30 and 120 min after ingestion of 75 g anhydrous dextrose. The early insulin response (EIR) was calculated as the ratio of the increment in plasma insulin to that in plasma glucose during the first 30 min of the OGTT [8] . Plasma concentrations of glucose were analysed by the glucose dehydrogenase method (Gluc-DH; Merck, Darmstadt, Germany). The concentrations of proinsulin and 32-33 split proinsulin were analysed using the two-site immunometric assay technique [14] in plasma samples that had been stored frozen (−70°C) since baseline. Insulin concentrations were also determined in these samples, using the Access Immunoassay System (Sanofi Pasteur Diagnostics; Redmond, WA, USA). The analyses were carried out at the Department of Clinical Biochemistry, Addenbrooke's Hospital, Cambridge, UK [14] .
Insulin sensitivity was determined by the euglycaemic insulin clamp method. This was performed as described by to DeFronzo et al. [15] with a slight modification: insulin was infused at a constant rate of 56 instead of 40 mU min
) to achieve nearly complete suppression of hepatic glucose output [8] . The insulin-mediated glucose disposal rate, representing insulin sensitivity, calculated as the amount of glucose taken up during the last 60 min of the clamp procedure, is expressed as mg (kg body weight)
. The OGTT and the euglycaemic clamp took place on separate days within 1 week. Measurements used in this study were made and analysed within a very short time (<1 week) after sampling, on a continuous basis during 1991-1995. A subgroup of 21 participants was investigated twice within 4-6 weeks to determine the combined effects of biological variation and measurement error on repeatedly measured variables. The intraclass correlation coefficients of the metabolic variables in ULSAM have been published previously [16] .
Diabetes mellitus was defined as a fasting plasma glucose concentration >7.0 mmol/l or the use of pharmacological treatment for diabetes. Other observations made at age 71 years were a medical questionnaire, supine blood pressure measurements, BMI and serum cholesterol concentration. Apolipoprotein E (APOE) ε4 was genotyped by minisequencing in 860 participants. Smoking status (current smoker or non-smoker) and educational level (elementary school, secondary school or university) were assessed by interview questions.
Follow-up and assessment of dementia The participants in ULSAM were invited to attend for cognitive testing on three occasions: at ages 71 (n=986), 77 (n=804) and 82 (n=520) years. Testing at ages 71 and 77 years old included the MiniMental State Examination (MMSE) and Trail Making Tests A and B [17] . The tests used at age 82 were MMSE and a 7 min screening test that included clock drawing, enhanced cued recall, verbal fluency and temporal orientation. The diagnoses were not based on these test results. Participants with low performance were referred to the Uppsala geriatric memory clinic for a follow-up. Persons with cognitive impairment are less likely to attend follow-up examinations of a longitudinal study [18] . For this reason the available medical records of all ULSAM participants were reviewed, with 31 December 2005 as the censor date. The standardised review covered all outpatient clinics, including the Uppsala geriatric memory clinic, where persons may consult directly for memory problems, all hospitalisations, including those in the Geropsychiatric Department, and all primary care facilities, including community nursing homes and dementia group livings. Practically all medical care for the participants was provided in these settings. The outcome of interest was time to diagnosis of dementia.
The original work-up of participants with diagnosed specific dementia subtypes varied but always included a detailed medical history, relevant neuropsychological testing, physical examination and laboratory tests to rule out other systemic or brain diseases that might account for the deficits. A computed tomography (CT) scan was available in 87% of the patients with Alzheimer's disease and 88% of those with vascular dementia. CT findings of up to two brain infarctions that were clinically silent, in the setting of dementia of slow, gradual onset and progression, were considered compatible with a diagnosis of Alzheimer's disease (n=5). Otherwise, CT scans in cases of Alzheimer's disease were normal or showed atrophy or mild to moderate white matter changes.
To standardise any differences between the original work-ups, the records of all possible cases of dementia and cognitive impairment were reviewed, and the definitive diagnoses in the present study were confirmed by two experienced geriatricians, independently of each other and blinded to the baseline data. In the event of disagreement, a third geriatrician reviewed the case and the diagnosis was determined by majority decision. Our primary endpoint, Alzheimer's disease, was diagnosed according to the criteria of the National Institute of Neurological and Communicative Diseases and Stroke and the Alzheimer's Disease and Related Disorders Association (NINCDS-ADRDA) [19] and the criteria from the Diagnostic and Statistical Manual of Mental Disorders, fourth edition (DSM IV) [20] . The secondary endpoint, vascular dementia, was diagnosed according to the criteria of the Alzheimer's Disease Diagnostic and Treatment Centres (ADDTC) [21] . Further, we identified other types of dementia: mixed dementia, dementia with Parkinson's disease, frontotemporal dementia, and dementia without sufficient information for a specific diagnosis. Cognitive impairment was defined as evidence of significant and persistent cognitive decline, but not severe enough to interfere with social functioning and activities of daily living. All these cases, together with Alzheimer's disease and vascular dementia, were included in the group 'any dementia or cognitive impairment'.
Dates of death were obtained from the continuously updated Cause of Death Register held by the Swedish National Board of Health and Welfare.
Statistical analysis Logarithmic transformation was performed to achieve a normal distribution of the nonnormally distributed variables (EIR, insulin, intact and 32-33 split proinsulin, glucose disposal and plasma glucose). The prognostic value for a change of 1 SD in a continuous variable regarding dementia incidence was investigated using Cox proportional hazards. Proportionality of hazards was confirmed by visual examination of Nelson-Aalen curves. Non-linear relations were excluded by examining incidence rates in quartiles of the independent variables. Observations were censored at death; date of migration from the county of Uppsala, as medical records would not be available after migration; date of dementia diagnosis; or at the censor date of 31 December 2005. The statistical software package STATA 8.2 (Stata Corporation, College Station, TX, USA) was used in all analyses.
The a priori level of significance was 0.05. All analyses were performed unadjusted and adjusted for age and the following cardiovascular risk factors as potential confounders for development of dementia: systolic blood pressure, serum cholesterol, BMI, smoking status, educational level and diabetes mellitus. Since insulin sensitivity is a modulator of the insulin response [21] , we also adjusted EIR for insulin-mediated glucose uptake. The associations were stratified for APOE ε4 status in secondary analyses. Analyses were repeated in a subsample of men free from diabetes at baseline (n=1,061) to avoid confounding of the observed associations by baseline diabetes or diabetes treatment.
Results
A total of 257 persons developed dementia or cognitive impairment, among whom 81 developed Alzheimer's disease and 26 vascular dementias during a median follow-up period of 12 years. A total of 433 persons died and 23 persons migrated from the county of Uppsala. The baseline characteristics among the 71-year-old men are presented in Table 1 . The incidence rate of Alzheimer's disease was 7.1/1,000, of vascular dementia 2.5/1,000, and of any dementia and cognitive impairment 22.9/1,000 person-years at risk.
Prediction of Alzheimer's disease Low EIR was associated with a higher risk of Alzheimer's disease in Cox proportional hazard analyses. Adjustment for age, diabetes, systolic blood pressure, serum cholesterol, BMI, smoking status and educational level fortified this association ( Table 2) . We examined the incidence rate of Alzheimer's disease in quartiles of EIR and no obvious deviation from linearity was observed. The lowest risk was found in the highest quartile of EIR (Fig. 1) . The cumulative incidence of Alzheimer's disease in two groups with EIR, below and above the median, is presented in Fig. 2 . High EIR was still significantly associated with lower risk of Alzheimer's disease after adjustment for insulin sensitivity (HR for 1 SD decrease 1.25, 95% CI 1.01, 1.56). The crude association between impaired insulin secretion and Alzheimer's disease was stronger in a subsample free from diabetes than in the whole cohort (HR 1.38, 95% CI 1.07, 1.78, unadjusted). Insulin sensitivity was not associated with the development of Alzheimer's disease.
A subset of patients were genetically tested for APOE ε4 status (n=860). The presence of the APOE ε4 allele was found to increase the risk of developing Alzheimer's disease (HR 2.41, 95% CI 1.48, 3.94). We found a strong association between EIR and the development of Alzheimer's disease in APOE ε4-negative participants (HR 1.63, 95% CI 1.08, 2.55, p=0.02) in the subsample free from diabetes. The association was weaker and no longer significant in APOE ε4-positive participants (HR 1.18, 95% CI 0.79, 1.76).
Prediction of vascular dementia Low insulin sensitivity was associated with a higher risk of vascular dementia (Table 2 ). This association did not remain significant in the multivariable adjusted model. Neither low EIR nor APOE ε4 genotype was associated with a risk of vascular dementia.
Prediction of any dementia or cognitive impairment Low EIR, high fasting plasma glucose, 2 h plasma glucose in the OGTT and diabetes mellitus were all significantly associated with a higher risk of overall dementia and cognitive impairment in the unadjusted model. Diabetes was a strong risk factor contributing to an elevated risk of approximately 60% in both the unadjusted and the multivariable adjusted model.
The possible associations between diabetes and specific dementia subtypes were not significant and are not reported because of the small number of diabetic men in these groups (n=6 in the Alzheimer's disease group and n=4 in the vascular dementia group). Neither fasting specific insulin nor insulin propeptides were associated with any of the specified outcomes.
Discussion
In this community-based cohort of elderly men, a low early insulin response, but not low insulin sensitivity, was associated with an increased risk of Alzheimer's disease during a median follow-up of 12 years. Low insulin sensitivity was associated with a higher risk of vascular dementia, but not after multiple adjustments.
The strengths of this study include the large population-based cohort, the long follow-up, the detailed classification into dementia subtypes and the detailed baseline characterisation of glucose metabolism, insulin secretion and insulin action. To our knowledge, the ULSAM cohort is the largest population that has been examined with the euglycaemic insulin method, the criterion standard for measurement of insulin resistance. The associations between impaired EIR and dementia were stronger in men without diabetes, eliminating the possibility that the diabetic state or its treatment at baseline influenced our results. We stated a priori that a complete description of our material regarding glucose and insulin metabolism was important. However, multiple independent analyses increase the risk of false positive results. It is difficult to estimate the risk of a type I error in the present study.
Since our primary interest was to study disease-specific mechanisms, strict criteria for dementia subtypes were important. A detailed clinical assessment and neuroimaging were available for the majority of the cases, making a specific Values are mean±SD unless otherwise stated dementia subclassification possible. Misclassification is an issue in any clinical study of dementia, but in our study it is likely to have been random with respect to baseline measurements. Even though we conducted reviews of medical records in all settings available and probably captured most of the cases, there is a risk, as in any epidemiological study, that some participants did not attend medical care, leading to underestimation of the true risk. Our homogeneous sample limits the possibility of generalising the results to women or other age and ethnic groups. Our findings need to be replicated in other cohorts. In the present study, EIR was measured in an OGTT at 71 years. The findings of an association between impaired EIR and Alzheimer's disease in the present study are in line with our previous report, in which the impaired acute insulin response measured at an intravenous glucose tolerance test at age 50 was associated with Alzheimer's disease later in life [9] . Thus, this risk marker is stable at both middle and higher ages and can be detected in an OGTT, although this method is less reproducible than an intravenous glucose tolerance test. Furthermore, the association between low EIR and Alzheimer's disease was independent of the degree of insulin sensitivity, which is a modulator of the insulin response [22] . Together, our previous and present studies emphasise the importance of insulin secretion in the development of Alzheimer's disease.
The long-term association between dementia and insulin sensitivity was studied with the euglycaemic insulin clamp method. In previous studies assessing dementia risk, a cluster of clinical, metabolic and vascular risk factors has been used as a surrogate measurement of insulin resistance [12, 13, 23] . Such variables have limited sensitivity compared with the euglycaemic insulin clamp [24] . Hyperinsulinaemia (highest quartile) was associated with a higher risk of Alzheimer's disease in a 5-year follow-up study [4] , whereas both extremes of insulin distribution (lowest and highest sextile) increased the risk of dementia in a study with midlife assessment [3] . However, single fasting insulin estimates and cut-offs may not be sufficiently sensitive to identify insulin resistance [25] .
In recent cross-sectional studies, the metabolic syndrome was more prevalent in patients with Alzheimer's disease compared with controls [13, 23] . This may illustrate, however, that inactivity and an inadequate diet are consequences, rather than causes, of cognitive impairment and dementia. We did not find that insulin resistance and impaired glucose tolerance were associated with subsequent development of Alzheimer's disease, which is in accordance with results from another large longitudinal cohort study with long follow-up [27] .
The association between low EIR and Alzheimer's disease was stronger in men without the APOE ε4 allele than in those with this allele, confirming our previous results from this population [9] . An impaired insulin response seems to be an important risk factor for Alzheimer's disease in the absence of the high-risk allele. This observation is in line with an experimental study in which intravenous insulin administration facilitated cognitive functions only in patients without the APOE ε4 allele [27] . In contrast, another population study suggests synergistic effects of the presence of the APOE ε4 allele with type 2 diabetes on the risk of Alzheimer's disease [28] . The question of how genetic predisposition modulates the association between insulin metabolism and dementia warrants further investigation.
Our results support the current information from neurobiological and neuropathological studies suggesting that insulin has important functions in the brain and may be involved in the pathogenesis of Alzheimer's disease [6] . Although acute intravenous insulin facilitated memory functions in an experimental study, chronic hyperinsulinaemia and insulin resistance had negative effects [27] . Insulin may act directly on neurones and modulate energy metabolism in the hippocampus and the cortex [29] . Another possible mechanism could involve insulin-regulated β-amyloid secretion and extracellular degradation by competition for insulindegrading enzyme [30] . Further, it has been hypothesised that insulin may regulate another key neuropathological feature in Alzheimer's disease, tau hyperphosphorylation, through inhibition of glycogen synthase kinase 3 [31] . Impaired EIR could reflect an intracellular defect in a signal pathway common for pancreatic beta cells and brain neurones. Low EIR may lead to defective insulin signalling in the brain and affect neuronal growth and repair mechanisms. Further experimental studies are needed to explore these mechanisms and focus on the effects of insulin on neuronal cells. The lack of association between insulin sensitivity and Alzheimer's disease in our study suggests that the mechanisms may lie among the other metabolic traits associated with the insulin-resistant state of type 2 diabetes.
Proinsulin is related to diabetes mellitus independently of EIR and insulin sensitivity [8] . However, we did not observe any association between proinsulin and dementia in this study. This suggests that conversion of proinsulin to insulin in the pancreatic beta cells does not reflect any processes associated with neuronal degeneration.
Decreased insulin sensitivity was associated with vascular dementia in the unadjusted analysis but not in multivariable analyses including traditional cardiovascular risk factors. However, as BMI and hypertension are strongly related to insulin resistance, it is difficult to judge the role of low insulin sensitivity in the causal pathway of vascular dementia with certainty. It is possible that in persons with decreased insulin sensitivity and factors closely related to this condition, vascular changes may lead to a clinical state of pure vascular dementia, as it is well established that insulin resistance is strongly associated with atherosclerotic alterations [32] . On the other hand, in patients with impaired early insulin secretion, amyloid-related mechanisms may predominate and lead to a dementia that we clinically classify as pure Alzheimer's disease.
Our findings are important, as insulin secretion and action are the two key components interacting in impaired glucose tolerance and the development of type 2 diabetes mellitus [33] . A low early insulin response was associated with an increased risk of subsequent Alzheimer's disease, whereas low insulin sensitivity was not. Vascular dementia was not related to a low early insulin response. We suggest that glucometabolic disturbances are differentially linked to the pathogenesis of these two main subtypes of dementia.
